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►  We  prepared  the  nanostructured 
Mg-based  compounds  by  gas— solid 
reaction. 

►  The  nanostructure  of  these 
compounds  greatly  enhances  the 
sorption  kinetics. 

►  The  Mg2Ni  nanoparticles  can  absorb 
0.95  H  M  1  hydrogen  in  several 
minutes  at  493  K 

►  The  sorption  kinetics  of  the  nano¬ 
structured  Mg2Ni  is  stable  during 
ten  cycles. 

►  The  thermodynamic  properties  of 
these  nanostructured  Mg2M  are 
improved  slightly. 
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Different  from  conventional  method,  we  have  produced  nanoparticles  of  Mg,  Fe,  Co,  Ni,  Cu  and  other 
metals  by  hydrogen  plasma  metal  reaction  (HPMR)  in  semi-industrial  scale.  Using  these  elemental 
nanoparticles  as  raw  materials,  nanostructured  Mg-based  compounds  with  high  purity  including  Mg2Ni, 
Mg2Co,  Mg2Cu  and  Mg2FeH6  are  further  synthesized  by  gas-solid  reaction  in  much  mild  conditions.  The 
Mg2Ni  nanoparticles  of  50  nm  can  be  prepared  at  523  K  under  4  MPa  H2.  The  formation  mechanisms  of 
the  elemental  nanoparticles  during  HPMR  and  the  nanostructured  Mg-based  compounds  during  gas 
—solid  reaction  are  discussed.  The  nanostructure  of  these  samples  greatly  enhances  the  kinetic  prop¬ 
erties  of  hydrogen  absorption  and  desorption.  The  Mg2Ni  nanoparticles  can  absorb  hydrogen  and 
saturate  at  0.95  H  M-1  (the  number  of  hydrogen  atoms  per  metal  atom)  in  several  minutes  at  493  K.  The 
sorption  kinetics  of  the  nanostructured  Mg2Ni  is  almost  stable  during  ten  cycles.  The  thermodynamic 
properties  of  these  nanostructured  Mg2M  are  improved  slightly. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Although  some  new  kinds  of  hydrogen  storage  materials  such  as 
amides,  alanates,  and  borohydrides  are  intensively  studied  [1-3], 
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Mg-based  compounds  are  still  thought  to  be  promising  for  the 
practical  applications  in  hydrogen  storage  [4-6]  and  battery  elec¬ 
trode  [7,8].  This  is  due  to  the  great  abundance  and  light  weight  of 
Mg,  and  the  high  hydrogen  capacity  of  the  hydrides  e.g.  7.6  wt.%  for 
MgH2,  3.6  wt.%  for  Mg2NiH4, 4.5  wt.%  for  Mg2CoH5  and  5.4  wt.%  for 
Mg2FeH6  [9].  However,  one  problem  is  their  sluggish  hydrogen 
sorption  kinetics  and  relatively  high  thermodynamic  stability, 
which  results  in  the  high  absorption/desorption  temperature  of 
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about  573  K,  much  higher  than  the  operation  temperature  of  fuel 
cell.  The  other  problem  is  that  it  is  hard  to  prepare  Mg-based  alloys, 
especially  Mg2Ni,  Mg2Co,  Mg2Cu  and  Mg2FeH6  compounds, 
because  of  the  large  differences  between  Mg  and  transition  metals 
in  melting  point  and  vapor  pressure. 

Many  researches  on  Mg2Ni,  Mg2Co,  Mg2Cu  and  Mg2FeH6 
compounds  revealed  that  both  adding  catalysts  and  nano¬ 
structuring  are  effective  ways  to  improve  the  hydriding/dehydrid- 
ing  properties  of  these  Mg-based  compounds  [9-13].  Although 
catalysts  remarkably  improve  the  kinetic  properties,  they  have  little 
effect  on  the  thermodynamic  properties.  Comparatively,  nano¬ 
structure  benefits  to  the  increased  kinetics  and  the  co-existence  of 
chemi-sorption  and  physi-sorption.  Recently,  it  has  been  also  sug¬ 
gested  that  when  the  particle  size  is  reduced  to  nanoscale,  the 
thermal  dynamic  properties  of  hydrogen  sorption  can  be  modified 
by  the  large  surface  energy  [14-16].  Therefore,  nanostructured  Mg- 
based  alloys  and  compounds  arises  more  attention  recently  [17— 
21].  For  the  synthesis  of  the  Mg-based  compounds,  some  technol¬ 
ogies  have  been  developed  such  as  ball-milling  [17],  hydrogen 
combustion  [18],  high  pressure  synthesis  [19],  thermal  evaporation 
[20]  and  sputtering  [21  ],  but  there  remain  many  serious  problems 
such  as  low  generation  rate,  high  impurity  and  expensive  equip¬ 
ments.  Moreover  it  is  difficult  to  get  nanostructured  Mg-based 
alloys  in  large  scale.  In  this  regards,  it  is  valuable  to  develop 
a  new  synthesis  method  for  the  nanostructured  compounds,  such 
as  Mg2Ni,  Mg2Co,  Mg2Cu  and  Mg2FeFl6. 

Up  to  now,  nanoparticles  are  usually  fabricated  by  using  various 
chemical  and  physical  methods  such  as  colloidal  precipitation, 
chemical  vapor  deposition,  chloride  reduction,  roasting  of  depos¬ 
ited  alkali,  mechanical  attrition,  gas-phase  condensation  [22-26]. 
The  first  five  methods  have  the  advantages  of  low  production  cost, 
but  they  have  serious  problems  of  low  purity  and  low  activity.  The 
most  conventional  method  to  product  metallic  nanoparticles  with 
high  purity  and  good  crystallinity  is  the  gas-phase  evaporation 
technique  in  vacuum  or  inert-gas  of  a  reduced  pressure.  Never¬ 
theless,  the  evaporation  rate  is  quite  low  in  both  cases.  Thermal 
plasma  is  a  promising  method  to  solve  this  problem  due  to  the  fact 
that  the  evaporation  of  metal  takes  place  in  an  atmosphere  of  active 
gas  [27—30].  The  plasmas  method  is  a  physicochemical  process  and 
offers  many  unique  advantages  such  as  high  temperature  to 
enhance  the  reaction  kinetics,  high  chemical  reactivity  to  form 
hydride,  oxide,  and  nitride  according  to  different  atmosphere,  and 
rapid  quenching  rate  (106  K-1)  to  produce  non-equilibrium  mate¬ 
rials.  Moreover,  a  drastic  enhancement  of  the  nanoparticle  gener¬ 
ation  yield  has  been  observed  when  hydrogen  is  added  to  the 
plasma  atmosphere  to  cause  a  hydrogen  plasma  metal  reaction 
(FIPMR)  [31-35].  In  this  paper,  we  will  report  the  fabrication  of 
pure  nanoparticles  of  Mg,  Ni,  Co,  Cu,  Fe  and  other  elements  by 
HPMR,  the  synthesis  of  nanostructured  Mg2Ni,  Mg2Co,  Mg2Cu  and 
Mg2FeFl6  compounds  by  using  elemental  nanoparticles  through 
a  gas-solid  reaction,  and  the  hydrogen  storage  properties  of  these 
nanostructured  compounds. 

2.  Experimental 

The  experimental  process  is  described  by  a  schematic  diagram 
as  shown  in  Fig.  1.  To  produce  nanoparticles,  a  metal  ingot  was 
placed  on  a  water-cooled  copper  anode  plate  or  a  conical  graphite 
anode  crucible.  A  schematic  illustration  of  the  FIPMR  equipment 
was  described  previously  [36].  The  chamber  was  evacuated  to 
about  10  3  Pa,  and  then  a  gaseous  mixture  of  Ar  and  H2  was  fed  into 
the  chamber  at  about  0.1  MPa.  When  the  arc  plasma  was  generated 
in  a  current  from  100  to  300  A,  the  metal  ingot  was  melted  and 
nanoparticles  were  fabricated.  The  nanoparticles  were  taken  out 
from  the  chamber  after  an  enough  passivation.  The  particle  size  can 
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Fig.  1.  Schematic  diagram  of  the  experimental  process. 


be  tuned  by  the  arc  current  and  hydrogen  partial  pressure.  The 
structures  of  these  nanoparticles  were  characterized  by  X-ray 
diffraction  (XRD)  using  monochromatic  Cu  Ka  radiation.  The  size 
distribution  and  morphology  of  these  samples  were  observed  by 
transmission  electron  microscopy  (TEM).  The  specific  surface  area 
was  analyzed  by  BET  (Brunauer-Emmett-Teller)  method. 

To  obtain  Mg-based  compound  samples,  a  mixture  of  pure  Mg 
and  other  element  metal  (M  =  Ni,  Co,  Fe,  Cu,  Al  and  so  on)  particles 
with  desirable  molar  ratio  was  immersed  in  acetone  and  then 
mixed  by  an  ultrasonic  homogenizer  for  30  min.  After  having  been 
dried  in  the  air  naturally,  the  mixed  sample  was  put  into  a  reactor 
and  the  system  was  evacuated  to  10-3  Pa.  Then  the  sample  was 
heated  up  to  573  K  and  hydrogen  with  a  pressure  of  about  4  MPa 
was  provided  to  make  the  mixture  of  Mg  and  other  metals  react 
with  hydrogen  for  120  min  (one  kind  of  gas-solid  reaction).  The 
sample  was  taken  out  of  the  reactor  after  the  system  was  evacuated 
to  10-3  Pa  and  cooled  to  room  temperature. 

A  conventional  pressure-volume— temperature  technique 
(Sieverts  method),  which  measures  the  hydrogen  content 
versus  time  by  recording  the  gas  pressure  change  in  a  constant 
volume,  was  used  to  obtain  the  pressure-composition  isotherm 
curves  of  the  sample  at  different  temperatures.  Isotherm 
measurements  of  the  variation  of  pressure  with  time  were 
conducted  to  obtain  the  hydrogen  sorption  kinetics  curves.  The 
hydrogen  absorption  and  desorption  measurements  were 
thought  to  reach  an  equilibrium  when  the  change  of  hydrogen 
pressure  was  less  than  10  Pa  s-1. 

The  thermodynamic  property  of  nanostructured  Mg2Ni  sample 
was  also  studied  by  DSC  measurements  using  an  NETZSCFI  DSC  204 
HP  apparatus.  Mg  and  Ni  nanoparticle  mixture  samples  of  about 
10  mg  were  put  into  the  chamber  of  the  DSC  apparatus.  After 
evacuation,  hydrogen  of  4  MPa  was  provided  to  the  DSC  chamber, 
and  the  temperature  was  increased  from  room  temperature  to 
823  K  at  a  heating  rate  of  10  I<  min-1.  The  measurement  was  con¬ 
ducted  for  10  cycles  after  the  heating  and  cooling  processes  were 
repeated  two  cycles.  The  samples  were  also  annealed  for  heating 
and  cooling  cycles  between  453  and  823  K  at  5  and  20  K  min-1  in 
hydrogen  pressure  of  4  MPa,  respectively. 

3.  Results  and  discussions 

3.1.  Fabrication  of  nanoparticles  by  hydrogen  plasma  metal 
reaction 

Fig.  2  shows  the  TEM  images  of  the  selected  Mg,  Ni,  Cu,  Co,  Fe 
and  Al  nanoparticles  produced  by  HPMR.  Table  1  summarizes  the 
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Fig.  2.  TEM  images  of  various  metal  nanoparticles  and  photo  of  nanoparticle  samples. 


yield  rate,  phase  and  particle  size  of  these  nanoparticles.  All  these 
particles  are  nearly  spherical  in  shape.  The  mean  particle  size  of  Mg 
is  540  nm,  whereas  the  other  elements  are  in  the  range  of  20- 
50  nm.  Mg  particles  have  a  larger  size  than  the  other  elements 
because  of  the  larger  yield  rate  of  Mg  particles  during  HPMR.  The 
yield  rate  is  essentially  determined  by  the  evaporation  speed  and 
the  saturation  vapor  pressure  of  pure  element  metals.  As  to  the 
main  group  metals  and  transition  metals,  the  evaporation  speed  is 
approximately  proportional  to  the  reaction  parameter  Rp,  which 
can  be  calculated  with  the  following  equation  [37]: 


Rp 


AHr  NHl  (T) 
Ls  %2( 273) 


(1) 


where  AHr  is  the  reaction  enthalpy  between  hydrogen  and  the 
metal,  Ls  is  the  vaporization  heat  of  the  metal  at  temperature  T, 
Nh(T)  and  NH( 273)  are  the  densities  of  molecular  hydrogen  in 
metal  at  temperature  T  and  273  K,  respectively.  With  this  formula, 
the  reaction  parameter  of  Mg  is  evaluated  to  be  about  18  times 
larger  than  those  of  other  metals.  This  is  why  Mg  has  much  larger 
yield  rate  and  particle  size. 

The  plasma  in  HPMR  is  composed  of  a  lot  of  hydrogen  ions  and 
neutral  atoms,  which  can  dissolve  into  the  melted  metal  in  a  much 
larger  quantity  than  hydrogen  in  the  normal  gas  status.  After 
entering  the  melted  metal,  they  will  release  energy  and  electric 
charges,  and  combine  into  hydrogen  molecules.  Finally,  they  get 
saturation  and  are  released  from  the  melted  metal,  which  results  in 
the  metal  evaporation  remarkably.  Fig.  3  displays  the  schematic 
illustration  of  the  nanoparticle  formation  during  HPMR,  which 
contains  the  following  five  steps:  (1)  the  dissociation  of  diatomic 


Table  1 

Characteristics  of  various  metal  nanoparticles. 


Element 

Preparation 

atmosphere 

Yield  rate  Phase 

(gh-1) 

Mean  particle 
size  (nm) 

Mg 

20%  H2  +  80%  Ar 

86.5 

Mg  (hep) 

540 

Ti 

50%  H2  +  50%  Ar 

8.3 

TiH19  (fee) 

22 

Ce 

20%  H2  +  80%  Ar 

12.5 

CeH2  (fee) 

55 

Sm 

20%  H2  +  80%  Ar 

32.6 

Sm3H7  (fee) 

43 

Fe 

50%  H2  +  50%  Ar 

5.5 

Fe  (bee) 

39 

Co 

50%  H2  +  50%  Ar 

5.1 

Co  (fee) 

37 

Ni 

50%  H2  +  50%  Ar 

3.0 

Ni  (fee) 

33 

Cu 

50%  H2  +  50%  Ar 

2.6 

Cu  (fee) 

31 

Al 

50%  H2  +  50%  Ar 

11.2 

Al  (fee) 

58 

molecular  hydrogen  in  plasma  zone;  (2)  the  dissolve  of  hydrogen 
ions  and  neutral  atoms  into  the  molten  metals;  (3)  the  over¬ 
saturation  of  hydrogen  atoms,  the  combination  into  hydrogen 
molecules  in  the  molten  metals,  and  the  formation  of  hydrogen 
bubbles;  (4)  the  escape  of  hydrogen  bubbles  from  the  molten 
metals  together  with  metal  vapor  in  them;  (5)  the  metallic  vapor 
condensation  and  nanoparticle  formation. 

When  the  hydrogen  percentage  is  lower  than  50%,  the  hydrogen 
bubble  evaporation  rate  increases  with  the  increasing  hydrogen 
partial  pressure.  At  higher  hydrogen  content,  the  evaporation  rate 
almost  reaches  saturation.  To  get  the  largest  nanoparticle  genera¬ 
tion  yield  and  stable  plasma  state,  the  optimal  hydrogen  percentage 
should  be  20—50%.  Since  the  preparation  process  can  be  continu¬ 
ously  carried  out,  this  technique  is  possible  to  fabricate  metallic 
nanoparticles  in  large  scale  as  shown  in  the  photo  of  Fig.  2.  The 
composition  analysis  proves  that  the  oxygen  content  is  lower  than 
1%  in  all  the  samples  including  the  active  Mg  particles,  which  is 
attributed  to  the  strong  reducibility  of  the  hydrogen  plasma  and  the 
enough  passivation  treatment.  From  Table  1,  it  can  be  seen  that 
pure  metallic  nanoparticles  are  obtained  in  the  non-hydride 
formation  elements  such  as  Fe,  Co,  Ni,  Cu  and  Al,  but  metal 
hydride  nanoparticles  are  obtained  in  the  hydride-formation 
elements  such  as  Ti,  Zr,  Ce,  Sm  except  for  Mg.  Hydrogen  plasma  is 
a  strong  hydriding  atmosphere  and  the  particles  prepared  by  this 
process  are  small  in  size,  so  the  hydrogenation  should  be  easy  to 


Fig.  3.  Schematic  illustration  of  the  nanoparticle  formation  and  hydrogenation. 
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Fig.  4.  XRD  patterns  of  2  Mg  +  Ni  particles  heated  at  different  temperatures. 


Fig.  6.  Schematic  illustration  of  the  gas-solid  reaction  of  the  Mg-based  compound 
nanoparticles. 


take  place  for  the  hydride-formation  elements.  The  hydrogen- 
magnesium  reaction  is  a  nucleation  and  growth  process  where 
the  nucleation  rate  of  magnesium  hydride  is  dependent  mainly  on 
hydrogen  pressure.  The  hydrogenation  of  Mg  usually  takes  place  at 
high  hydrogen  pressure  of  several  tens  of  bars,  much  higher  than 
other  hydride-formation  elements.  At  the  plasma  region,  thermo¬ 
dynamically  the  magnesium  vapor  is  unable  to  react  with  the 
reactive  H  atom  under  such  high  temperature.  Outside  the  plasma 
region,  although  the  fresh  surfaces,  large  surface  areas  and  higher 
activity  of  the  ultrafine  Mg  particles  are  helpful  for  the  hydrogen 
uptake,  the  low  pressure  of  0.05  MPa  and  high  cooling  rate  in  HPMR 
result  in  rather  low  nucleation  rate  of  magnesium  hydride  and  the 
formation  of  Mg  instead  of  magnesium  hydride. 

3.2.  Fabrication  of  nanostructured  Mg2M  (M  =  Ni,  Co,  Cu)  and 
Mg2FeFI6  by  gas-solid  reaction 

By  using  the  particles  prepared  by  HPMR  as  the  initial  materials, 
we  prepared  the  nanostructured  Mg2M  and  Mg2FeH6  compounds. 
Fig.  4  shows  the  XRD  patterns  of  a  mixture  of  magnesium  and 
nickel  particles  in  2:1  molar  ratio  after  being  annealed  in  4  MPa  H2 
at  different  temperatures  and  then  evacuated  at  room  temperature. 
It  is  surprising  to  find  that  Mg2Ni  start  to  form  even  at  423  K,  and 
pure  Mg2Ni  is  obtained  at  523  K,  much  lower  than  the  temperature 


in  the  hydride  combustion  synthesis  [38,39].  From  Fig.  5B,  it  can  be 
seen  that  the  particle  size  of  Mg2Ni  is  about  50  nm,  which  is  even 
smaller  than  the  original  Mg  particles  (see  Fig.  5 A).  This  can  be 
explained  by  the  hydrogen-induced  disintegration  as  shown  in 
Fig.  6.  The  Mg  particles  absorb  hydrogen  quickly  with  Ni  as  catalyst, 
and  they  disintegrate  into  smaller  particles  during  the  hydroge¬ 
nation/dehydrogenation  process.  Moreover,  the  formation  of  Mg2Ni 
during  the  dehydrogenation  at  a  low  temperature  maintains  its 
original  nanostructure.  Since  Ni  is  not  able  to  absorb  hydrogen  and 
disintegrate  like  Mg  during  the  fabrication  of  the  nanostructured 
Mg2Ni,  it  is  more  important  for  Ni  to  possess  a  particle  size  in 
nanoscale.  L.Q.  Li  et  al.  successfully  synthesized  Mg2Ni  by  hydrogen 
combustion  [38,39],  which  was  more  convenient  than  normal 
mechanical  alloying,  especially  for  the  large-scale  preparation. 
However,  since  the  combustion  temperature  is  higher  than  750  K, 
the  grain  size  is  as  large  as  several  tens  of  micrometers.  The 
subsequent  ball-milling  is  usually  required  to  get  fine  microstruc¬ 
ture  and  good  hydrogen  absorption  properties.  In  contrast,  in  this 
study,  the  nanostructured  Mg2Ni  can  be  directly  produced  without 
ball-milling  because  the  interdiffusion  and  combination  of  Mg  and 
Ni  can  take  place  at  a  quite  low  temperature. 

Fig.  7  shows  the  XRD  patterns  of  the  mixed  Mg  and  Ni  particles 
after  being  heated  at  573  K  in  4  MPa  H2  for  different  times.  From 
this  figure,  it  can  be  seen  that  Mg  particles  firstly  react  with 


Fig.  5.  TEM  micrographs  of  the  mixture  of  Mg  and  Ni  particles  (A)  and  the  Mg2Ni  nanoparticles  prepared  at  573  K  in  hydrogen  atmosphere  (B). 
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Fig.  7.  XRD  patterns  of  2  Mg  +  Ni  particles  heated  at  573  I<  at  different  times  in  4  MPa 
H2:  (a)  0  min,  (b)  15  min,  (c)  30  min,  (d)  1  h  and  (e)  2  h;  and  after  dehydrogenation  (f). 


Fig.  9.  Hydrogen  absorption  and  desorption  curves  of  Mg2Ni  nanoparticles  at  different 
temperatures. 


I  I . 

•  Mg  T  Mg  Ni  ♦  Mg  Cu 
★  Mg  Co>  Mg2FeH6 

"7  f  ■  7 

****L 

r  X  ★★  ★ 

%  ♦ 

_ LT _ tiL 

♦  ♦♦  ♦ 

I  lL 

1 

• 

•  •  1 

_ Til _ 

•  •  •  •• 

10 

20  30  40 

50  60  70  80 

2Theta  (deg.) 


Fig.  8.  XRD  patterns  of  Mg2Ni,  Mg2Cu,  MgCo2  and  Mg2FeH6  samples  prepared  by  gas- 
solid  reaction. 


hydrogen  to  form  MgH2  with  Ni  as  a  catalyst,  which  has  been  re¬ 
ported  previously  [40].  Then  MgH2  reacts  with  Ni  to  become  the 
compound  hydride  Mg2NiH4.  Finally,  the  hydride  desorbs  hydrogen 
during  evacuation  to  produce  IVfeNi  compound.  It  is  worth  noting 
that  Mg  particles  can  absorb  hydrogen  rapidly  when  mixed  with  Ni 
nanoparticles,  implying  the  important  catalytic  effect  of  Ni  nano¬ 
particles  on  the  hydrogenation  of  Mg.  The  processes  can  be 
expressed  by  the  following  equations: 


Mg  hydride  formation  :  Mg  +  H2  — ►  MgH2  (2) 

Mg  -  based  Compound  hydride  formation  : 

2MgH2  +  Ni— >Mg2NiH4  (  ' 

Mg2Ni  formation  during  hydrogen  desorption  : 

Mg2NiH4^Mg2Ni  +  2H2  (  ^ 


The  similar  experiment  for  Mg  and  Ni  particles  in  micrometer 
order  was  conducted  at  573  K  in  4  MPa  H2  even  for  24  h,  but  Mg2Ni 
was  not  obtained.  The  increase  of  reaction  temperature  is  able  to 
promote  the  diffusion  of  metallic  atom,  however,  this  will  induce 
particle  enlargement.  Therefore,  the  fine  particle  size  is  crucial  for 
this  gas-solid  reaction.  From  our  previous  study  [41  ],  it  was  known 
that  hydrogen-induced  amorphization  (HIM)  occurred  during  the 
low  temperature  gas-solid  reaction  in  many  rare  earth-based 
intermetallic  compounds  when  the  hydrogen  content  reached 
1.3  H  M-1.  In  the  case  of  Mg-Ni,  however,  HIM  does  not  occur, 
indicating  that  the  interdiffusion  and  crystallization  in  Mg-Ni 
system  are  easier  than  those  in  rare  earth  elements. 

Via  the  same  approach,  we  synthesized  other  Mg-based 
compounds.  Fig.  8  shows  the  XRD  patterns  of  Mg,  Mg2Ni,  Mg2Co, 
Mg2Cu  and  Mg2FeH6.  It  is  quite  difficult  to  prepare  the  pure  phase 
samples  of  these  compounds  by  other  techniques.  From  Fig.  8,  it  is 
apparently  seen  that  all  these  compounds  are  successfully 


Table  2 

Formation  conditions  and  characteristics  of  Mg2M  compounds. 


Compounds 

Reaction  process 

Temp.  (I<) 

Crystalline  structure  and 

Mean  particle 

lattice  constants  (A) 

sizes  (nm) 

Mg2Ni 

Mg  +  H2  -  MgH2 

573 

Hexagonal 

50 

MgH2  +  Ni  —  Mg2NiH4 

Primitive 

Mg2NiH4  -►  Mg2Ni 

a  =  5.205 

Mg2Ni  +  H2  ^  Mg2NiH4 

c  -  13.23 

Mg2Cu 

MgH2  +  Cu  -►  Mg2Cu  +  H2 

673 

Orthorhombic 

300 

Mg2Cu  +  H2  <->  MgH2  +  MgCu2 

Face-centered 

a  =  9.07,  i b  =  18.24,  c  =  5.283 

Mg2Co 

MgH2  +  Co  +  H2  ->  Mg2CoH5 

623 

Cubic 

200 

Mg2CoH5  — >  Mg3CoH5 

Face-centered 

Mg3CoH5  Mg2Co 

Mg2Co  +  H2  <-»•  Mg3CoH5  <-*•  Mg2CoH5 

a  =  11.43 

Mg2FeH6 

Mg  +  H2  ^  MgH2 

673 

Cubic 

200 

MgH2  +  Fe  +  H2  <-  Mg2FeH6 

Face-centered 
a  =  6.43 
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Fig.  10.  Pressure-composition  isotherm  curves  of  Mg2Ni  nanoparticles  at  different 
temperature. 


produced  in  this  study,  indicating  that  the  gas-solid  reaction  in 
nanoscale  is  an  effective  way  to  synthesize  Mg-based  compounds. 
Moreover,  different  from  mechanical  alloying,  single  phase  and 
nanostructured  Mg-based  compounds  are  directly  obtained  in  this 
work.  This  technology  can  be  further  used  to  prepare  other 
compounds  as  well  as  composite  materials,  much  more  convenient 
than  other  methods.  The  formation  condition  and  characteristics  of 
Mg2M  (M  =  Ni,  Cu,  Co)  and  Mg2FeH6  compounds  are  summarized 
in  Table  2.  It  can  be  seen  that  the  formation  mechanisms  of  these 
Mg-based  compounds  are  similar  to  Mg2Ni.  Mg  particles  first  form 
hydride  and  then  react  with  transition  metals  to  form  Mg2M 
hydride.  After  dehydriding,  the  intermetallic  compounds  Mg2M  are 
produced.  Since  the  stable  Mg-Fe  compounds  do  not  exist  on  the 


Temperature  (K) 


Time  (min) 

Fig.  11.  The  high  pressure  DSC  measurement  of  2  Mg  +  Ni  particles  in  4  MPa  hydrogen 
atmosphere  at  a  heating  rate  of  10  K  min-1  in  the  first  cycle  (a)  and  the  comparison  of 
DSC  curves  between  the  first  and  tenth  cycles  (b). 


basis  of  Mg-Fe  binary  equilibrium  phase  diagram,  only  the  nano¬ 
structured  Mg2FeFl6  can  be  prepared  upon  hydrogenation.  The 
mean  particle  size  of  these  compounds  changes  from  50  to  300  nm, 
which  is  probably  due  to  the  differences  in  the  reaction  tempera¬ 
ture  and  the  catalytic  effects  of  transition  metals  on  hydrogen 
decomposition. 

3.3.  Hydrogen  storage  properties  of  Mg2M 

The  hydrogen  absorption  rates  of  the  nanostructured  Mg2Ni  at 
different  temperatures  are  given  in  Fig.  9.  The  vertical  axis  repre¬ 
sents  the  hydrogen  content  in  the  form  of  H/M.  It  is  found  that  the 
nanostructured  Mg2Ni  sample  can  even  absorb  0.6  FI  M-1  hydrogen 
at  room  temperature.  At  493  K,  the  sample  absorbs  hydrogen 
quickly  and  approaches  a  saturation  value  of  0.95  H  M^1  in  several 
minutes.  Mg2Ni  particles  in  micrometer  absorb  hydrogen  very 
slowly  below  523  I<  even  under  catalyst  assistant  [42-44].  For  the 
nanostructured  Mg2Ni,  the  hydrogen  absorption  rate  is  quite  fast, 
and  the  absorption  temperature  is  lower  than  that  of  the  Mg2Ni  in 
micrometer  reported  before.  The  pressure-composition  isotherm 
curves  in  Fig.  10  exhibit  clear  equilibrium  plateaus  in  both 
absorption  and  desorption  processes,  and  the  hydrogen  storage 
capacity  is  close  to  the  theoretical  value.  The  equilibrium  plateau 
pressures  are  slightly  higher  than  those  of  the  conventional 
magnesium  nickel  compound.  The  results  of  the  absorption 
temperature,  the  absorption  rate  and  the  equilibrium  plateau 
pressure  indicate  that  the  nanostructure  improves  the  hydrogen 
storage  properties  of  Mg2Ni.  Similar  results  are  also  observed  in 
other  Mg-based  compounds. 

In  order  to  understand  the  kinetic  and  thermodynamic  prop¬ 
erties  and  the  cyclic  property,  we  studied  the  nanostructured 
Mg2Ni  by  the  high  pressure  DSC  in  hydrogen  atmosphere,  as  shown 
in  Fig.  11.  There  are  two  endothermic  peaks  in  the  heating  process 
and  two  exothermic  peaks  in  the  cooling  process,  respectively.  The 
sharp  peaks  at  687  and  721  K  correspond  to  hydrogen  absorption 
and  desorption,  respectively.  The  small  peaks  at  500  and  510  K 
correspond  to  a  phase  transformation  of  Mg2NiFl4  between  a  high 
temperature  cubic  structure  and  a  low  temperature  monoclinic 
phase  [45,46].  From  the  peak  areas  of  hydrogen  absorption  and 
desorption,  the  enthalpy  changes  of  these  two  peaks  are  calculated 
to  be  63.1  and  64.2  kj  mol-1  FI2,  respectively.  By  using  different 
heating  rates  of  5,  10,  20  K  min-1  in  the  DSC  measurements,  we 
obtained  the  activation  energy  of  the  hydrogenation, 
Ea  =  66.0  kj  mol-1  FI2,  which  is  much  smaller  than  that  reported  on 
the  micro-size  Mg2Ni  of  88.32  kj  mor1  H2  [47].  From  Fig.  11(b),  it 
can  be  seen  that  all  the  peaks  of  hydriding  and  dehydriding  repeat 
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Table  3 

Hydride  formation  enthalpy  and  entropy  of  Mg-based  compounds. 


Hydrides 

Van’t  Hoff  equation 

Enthalpy  (AH)  kj  mol  1  H2 

Entropy  (AS)  J  K  1  mol  1  H2 

MgH2 

In  (P/0.1  Mpa)  =  -9604/T  +  16.93 

-79.80 

-140.8 

Mg2NiH4 

In  (P/0.1  Mpa)  =  — 7977/T  +  15.07 

-66.32 

-125.3 

Mg2CoH5 

In  (P/0.1  Mpa)  =  -9895/T  +  16.70 

-82.27 

-138.8 

MgH2  +  MgCu2 

In  (P/0.1  Mpa)  =  -9275/T  +  17.61 

-77.11 

-146.4 

well  and  shift  little  during  ten  cycles,  indicating  that  the  sorption 
kinetics  of  the  nanostructured  Mg2Ni  is  relatively  stable  and  it  has 
excellent  cycling  property.  However,  the  peak  intensity  declines 
slightly  with  circulation,  and  the  corresponding  peak  area 
decreases  to  58.1  kj  mol-1  H2  in  the  tenth  cycle.  It  is  suggested  that 
one  possible  reason  for  the  decreased  peak  area  is  the  growth  of 
particle  size  of  the  nanostructured  Mg2Ni  during  the  cycling,  which 
slightly  decreases  the  sorption  kinetics.  The  hydriding  and  dehy- 
driding  of  large  Mg2Ni  particles  take  place  mainly  in  the  surface 
layer  during  the  rapid  heating  process,  and  the  particle  core  does 
not  contribute  to  the  reaction,  leading  to  the  slight  decrease  of  peak 
area  in  the  DSC  curve.  Therefore,  in  order  to  keep  the  excellent 
cycling  property  of  the  nanostructured  Mg-based  compounds,  it  is 
crucial  to  inhibit  the  particle  growth. 

On  the  basis  of  the  pressure-composition  isotherm  curves  of 
these  nanostructured  Mg-based  compounds,  the  equilibrium  plateau 
pressures  at  different  temperatures  are  summarized  in  Fig.  12. 
According  to  van’t  Hoff  equation  shown  below,  the  hydride  formation 
enthalpy  A H  and  entropy  AS  are  calculated  and  given  in  Table  3. 

lnPH2  =  2AH/nRT-2AS/nR  (5) 

where,  n  is  the  reaction  order,  R  the  gas  constant,  T  temperature. 
The  enthalpies  and  entropies  of  these  nanostructured  Mg-based 
compounds  are  slightly  lower  than  those  reported  elsewhere 
[48-51].  This  means  that  the  hydrogen  bonding  state  in  the 
nanostructured  Mg-based  hydrides  is  weakened  and  easy  to  be 
released.  It  can  also  be  concluded  that  the  thermodynamics  of 
hydriding/dehydriding  is  not  greatly  improved  with  the  decrease  of 
particle  size  as  the  kinetics.  For  getting  greater  thermodynamic 
improvement,  the  particle  size  should  be  decreased  further, 
possibly  smaller  than  20  nm.  A  detailed  study  about  this  is  now  in 
progress. 

4.  Conclusion 

HPMR  is  effective  to  prepare  nanoparticles  of  Mg  and  other 
transition  metals  in  large  scale  because  of  plasma  promotion.  The 
nanoparticle  formation  process  can  be  divided  into  five  steps:  the 
formation  of  active  hydrogen  ion  or  atom,  the  hydrogen  over¬ 
saturation  dissolving,  the  hydrogen  bubble  formation,  the  evapo¬ 
ration  of  metal  vapor  together  with  hydrogen  bubble  and  the 
condensation  of  metal  vapor.  Metallic  nanoparticles  are  fabricated 
by  HPMR  method  when  the  starting  metal  is  a  non  hydride 
formation  element,  whereas  metal  hydride  nanoparticles  are 
produced  when  the  starting  metal  is  a  hydride  formation  element 
except  for  Mg. 

The  pure  and  nanostructured  Mg2Ni,  Mg2Co,  Mg2Cu  and 
Mg2FeH6  have  been  successfully  prepared  by  gas— solid  reaction  of 
hydrogen  and  mixture  of  Mg  and  corresponding  transition  metal 
nanoparticles.  The  reaction  temperature  is  much  lower  than  the 
hydrogen  combustion  approach,  therefore,  the  nanostructure  can 
be  kept  through  the  reaction.  The  hydrogen  absorption  and 
desorption  rates  are  promoted  and  the  sorption  temperatures  are 
decreased.  The  kinetic  properties  are  improved  greatly  because  of 
the  short  diffusion  distance  and  large  specific  surface  area.  The 


thermodynamic  properties  of  the  nanostructured  Mg2M  are 
improved  only  slightly. 
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